Abstract. Vinculin, a major structural component of vertebrate cell-cell and cell-matrix adherens junctions, has been found to interact with several other junetional components. In this report, we have identified and characterized a binding site for filamentous actin. These results included studies with gizzard vinculin, its proteolytic head and tail fragments, and recombinant proteins containing various gizzard vinculin sequences fused to the maltose binding protein (MBP) of Escherichia coli.
proline-rich hinge connecting the globular head to the rodlike tail was not required for this interaction.
In fixed and permeabilized cells (cell models), as well as after microinjeetion, proteins containing the actin-binding domain specifically decorated stress fibers and the cortical network of fibroblasts and epithelial cells, as well as of brush border type microvilli. These results corroborated the sedimentation experiments.
Our data support and extend previous work showing that vinculin binds directly to actin filaments. They are consistent with a model suggesting that in adhesive cells, the NH2-terminal head piece of vinculin directs this molecule to the focal contact sites, while its tail segment causes bundling of the actin filament ends into the characteristic spear tip-shaped structures. "~ 7"INCULIN is an important component of junctional complexes. Its ll6-kD polypeptide chain, folded I' into a large NH2-terminal head and an extended rodlike tail (7, 8, 24, 25) was localized at the cytoplasmic face of both, cell-matrix and cell-cell junctions in vertebrates and invertebrates. It is indispensible for correct cell attachment and mobility, as shown by several independent lines of evidence. Focal adhesions of cultured fibroblasts are effectively disrupted upon microinjection of monoclonal antibodies directed against several epitopes in the vinculin head (34) , and interference with the correct level of vinculin expression leads to drastic alterations in cellular morphology, adhesiveness and motility (10) (11) (12) . Mutations in the single vinculin gene are incompatible with normal development in the nematode (2) . In vitro, the protein, as isolated from chicken smooth muscle, interacts with several other junctional components, i.e., talin, ot-actinin, paxillin, tensin, and with itself, and also with acidic phospholipids (see refer-ences 14, 16, 23, 26, and 27) . While talin, ~actinin and tensin are all believed to bind to act.in as well, for vinculin, the corresponding experimental data (17-19, 29, 34) have been controversely discussed (26, 35, 36) . In particular, the purity of vinculin preparations used to show binding to filamentous actin was questioned, and contaminating proteins were suggested as mediators for such interactions.
To define more precisely the putative actin binding of vinculin, we have expressed part of its sequence as a fusion protein in Escherichia coli and analyzed the interaction of the recombinant protein and of two deletion clones with actin filaments in cosedimentation assays, in cell models and in living cells. Comparative studies were performed with gizzard vinculin and its head and tail fragments. Our data show that the tail segment binds to filamentous actin. The specificity of this reaction is delineated by a 123-amino acid-long stretch in the center of the tail sequence.
Together with previous data on vinculin-vinculin (24, 25) and vinculin-talin (21) interactions, these data contribute to our knowledge on how actin filaments may be organized at the membrane-attachment site of adhesive cells.
Materials and Methods
Generation of the vinculin eDNA clones. Total RNA was isolated from turkey gizzard, using the method of Chirgwin et ai. (6) , and analyzed by electrophoresis in 1% agarose under denaturing conditions (13) . cDNA synthesis was performed with RNAse H--reverse transcriptase (200 U/#I, in 1× RT buffer; Life Technologies, Eggenstein, Germany), supplemented with 0.25 mM dNTP each, 0.1 M DTT, 5/~g//zl BSA, RNAsin (25 U/~I; Promega Biotec Corp., Madison, W1) in a 20 ~1 reaction volume, containing 2/~g purified RNA, and 2 ~tg/mi random primer (Boehringer-Maanheim GmbH, Mannheim, Germany) or 1 /~g//~l antisense oligonucleotide, respectively.
The vinculin tail-specific sequence was amplified from this template by PCR. The primers used were based upon base pairs 2668-2691 (24 mer) and base pairs 3425-3449 (25 mer) of the chicken vinculin sequence (28) . Amplification was performed with Taq DNA polymerase (Life Technologies) as described (22) . The product was subjected to electrophoresis in agarose gels, blotted by alkaline transfer onto Hybond N-membrane (Amersham Buchier, Braunschweig, Germany), and hybridized to a digoxigeninlabeled internal oligonucleotide. Hybridization and digoxigenin detection were as described (Boehringer Application Manual, 1989) .
Subsequently, the PCR fragment was cloned blunt end into the vector pUC13, to obtain the pUC13/V3 clone. FOr amplification of the vinculin insert, a modified sense primer consisting of the 24 met described above, extended at the 5'end by a HpaI restriction site and an ATG start codon replacing ATC at base pairs 2668-2670, and an M13/pUC reverse sequencing primer were used. The resulting PCR product was digested with HPUI and PstI and cloned into the multiple cloning site of the vector pMAL-c (New England Biolabs, Schwalbach, Germany).
The deletion clones MBPVinc8 A1 and A2 were obtained as PCR products from pUC13/V3. 27-mer primers were used at 5' and 3' ends. Both mutants were also cloned into the pMal-¢2 vector, using XbaI and EcoRI restriction sites.
The clones were sequenced by the dideoxy chain termination technique (30), using the T7 sequencing kit (Pharmacia Biosystems, Freiburg, Germany). The primers used were either the universal and the reverse sequencing primers (Bochringer-Mannheim GmbH), or the malE primer and internal oligonucleotides. The cloned sequence vine8 (base pairs 2671-3435) contained exclusively nucleotide substitutes in the 3 position of 19 triplets, as compared to the chicken sequence (7) . Thus, the amino acid sequences were identical between chicken and turkey vinculin tail sequences, but Vine8 (residues 809-1063) lacked the last three amino acids as compared to the genuine protein. The deduced amino acid sequences of clones A1 and A2 extended from residue 893 or 1016 to residue 1066, respectively.
Expression and Purification of MBPVinc8 and the Deletion Mutants
E. coli TB1 (araA[lacproAB] rpsL [~80 lacZAM15] hsdR) was transformed with the vector pMAL-c/8 and grown in LB medium containing 150 mg/l ampicilLin and 2 g/1 glucose. Expression of MBPVinc8 was induced by the addition of 1 mM isopropylthiogaiactoside to a log phase culture. After at least 12 h growth, bacteria were harvested by a low-speed spin and resnspended in ice-cold 0.01 M TrisHC1, pH 7.2, supplemented with a protease inhibitor cocktail. They were lysed by the addition of lysozyme (1 mg/ml) and sonication (10 rain, 18 microns). Protein concentration of the supernatant obtained by centrifugation (30,000 g, 1 h) was determined as described (4) and adjusted to 2.5 mg/mi. Affinity chromatography was performed on amylose resin (New England Biolabs, Beverly, MA), with 10 mM maltose in the ehition buffer. When necessary, additional purification was achieved by FPLC (Pharmacia, Uppsala, Sweden) on a MonoQ HR 5/5 anion exchanse column in 0.01 TrisHCl, pH 8.0, and a NaCI step gradient (10 mM steps, 0-0.8 M). Both deletion mutants were expressed and purified as described for MBPVinc8, with the exception of using E. coli JM 105 0acIqA [lacZ] M15 A [lac-proAB]) instead of TB1.
Purification of Additional Proteins and Proteolytic Digestion
The maltose-binding protein (MBP) 1 of p-MAL-c-transformed bacteria was purified on maltose resin as described above for MBPVinc8 and its deletion relatives. Actin and vinculin were purified from rabbit skeletal muscle and chicken gizzard, respectively, as described (9, 17, 32) . Purity of all protein preparations was controlled by SDS-PAGE (see below). Purified MBPVinc8 and chicken gizzard vinculin were digested with V8 protease from Staphylococcus aureus (Sigma, Deisenhofen, Germany), at molar ratios of 1:27 (VS/substrate protein). Digestion was terminated by rapid cooling to 0°C and the addition of protease inhibitor cocktails. The 90-kD head and 29/27-kD tail fragments of gizzard vinculin were separated on DEAEsepharose equilibrated in 0.02 M Tris-acetate, pH 7.6, 0.02 M NaCI, 15 mM ~-mercaptoethanol, 0.1 mM EDTA. The 90-kD fragment bound to the anion exchange resin could be eluted with a linear salt gradient. MBPV was obtained by affinity chromatography on amylose resin. The 29/27-kD fragments and Vinc8 were recovered from the unbound material and concentrated. Alternatively, these fragments were purified by cation exchange chromatography, using CM 52-cellulose and an elution buffer of 0.3 M NaC1.
Gel Electrophoresis and Immunoblotting
Proteins were separated either by SDS-PAGE or tricine-SDS-PAGE (31), on 10% polyacrylamide gels. They were either stained with Coomassie brilliant blue or transferred to nictrocellulose, lmmunolabeling was performed with a polyclonal rabbit antibody against MBP (New England Biolabs) or a monoclonal antibody against chicken gizzard vinculin (As7.; 34). As2 is chicken specific, its epitope was mapped to the region delineated by both VS-cutting sites (E850 and E857, respectively, see Fig. 2 ; Nicolai, G., and B. M. Jocimsch, unpublished data). In this region, two amino acids present in the chicken sequence (H851 and H853) are substituted in the mammalian sequence (15, 33) . Immunolabeling of the deletion mutants MBPV'mc8'A1 and A2 was performed with a rabbit antibody against a COOH-terminal vinculin peptide comprising amino acids 1028-1042. Goat-anti-rabbit IgG or rabbit-anti-mouse IgG, both coupled to horse radish peroxidase (Sigma) in conjunction with chloronaphtol/H202 were used for immunodetection.
Cosedimentation Assay
F-actin binding of proteins and proteolytic fragments was assessed by airfuge sedimentation. Monomeric (G-) actin (1 mg/ml) was induced to polymerize in 0.01 M imidazol, pH 7.4, 1 mM ATP, 0.1 M KC1, 2 mM MgC12 (F buffer) at 37°C for 45-60 rain. MBPVIncS, the VS-generated fragments MBPV and VineS, the deletion mutants MBPV'mc8 AI and A2, ~zzard vinculin, the VS-generated 90 and 29/27-kD fragments, and MBP were all dialyzed into F buffer and incubated with F-actin for additional 45 rain at 37°C before centrifugation. Salt dependence of the interaction was tested by supplementing F buffer with increasing concentrntions of KCI, up to 1 M. For quantitative assays, increasing concentrations of binding candidates were incubated with a fixed concentration (1.1 ~M) of actin. After airfuge centrifugation (100,000 g, 45 min), supematants and pellets (washed once with F buffer) were analyzed by SDS-PAGE. The Coomassie brilliant bluestained bands were quantified by densitometry (Chromoscan; Joyce-Loebl, Gateshead, UK), or by image scanning with Ricoh/Quantiscan (1991; Biosoil, Cambridge, UK).
Preparation of Cell Models, Microinjection, and Fluorescence Analysis
Mouse (Swiss 3T3) and rat (primary) fibroblasts and LLC-PKI porcine epithelial cells were grown in DME supplemented with 10-12% fetal calf serum. They were seeded onto coverslips at least 24 h before usage. For binding studies on extracted cell models, mouse cells were fixed with 3.7% formaldehyde for 20 rain, permeabillzed with 0.2% Triton X-100 for 30 rain, and incubated with the various proteins (in at least 4 × 10 --6 M concentrations) at room temperature for 30 min. The cells were washed extensively in phosphate-buffered saline before the addition of specific antibodies. These included the monoclonal antibody As8 which recognizes a chicken-specific epitope in the 90-kD head fragment of vinculin (34) for the detection of this fragment and intact gizzard vinculin, and anti-MBP for all fusion proteins. TRITC-labeled goat-anti-mouse IgG (Sigma) was used as a second antibody. The 29/27-kD vinculin tail fragment was directly labeled with TRITC, as no chicken-specific antibody ~izina an epitope in the 27-kD fragment was available. Controls included the use of TRITCconjugated MBP and antibodies without previous addition of target proteins.
Rat llbroblasts ware microinjected with 2 mg/ml MBPVinc8 in phosphate-buffered saline. Injection was performed with glass capillaries as previously described (20) . The injected cells were incubated for 2 h before fixation and processing for immunofluorescence as described above. The distribution of injected MBPVInc8 was detected with the monoclonal anti-vinculin As2 (see above). Purified MBP was injected into control cells, and localized with anti-MBP and Rh-goat-anti-rabbit IgG.
In cell models as well as in microinjeeted cells, F-actin was counterstained by FITC-phalloidin. All preparations were examined in a Zeiss Axiophot equipped with epifluorescence, and photographed on Kodak Tri-X-Pan.
Results

A
The carboxyterminal sequence of vinculin binds to F-actin. As reported previously (17, 29) , vinculin purified from chicken gizzard sediments with filamentous actin. To identify putative actin-binding regions in vinculin, we probed the B actin-binding ability of the two main fragments obtained by proteolytic cleavage with the Staphylococcus aureus V8 protease (7) . The fragments could be purified on CM 52-cellulose, but the COOH-terminal fragment (",,29 kD) was unstable and rapidly degraded into a 27-kD fragment. In a first set of sedimentation assays, it was seen that part of the 29/27 COOH-terminal fragment cosedimented with actin filaments, while the 90-kD NH2-terminal fragment remained in the supernatant (Fig. 1) . To further delineate the C putative aetin-binding domain, we cloned and expressed three pieces of the vinculin tail as fusion proteins in E. coli. Fig. 2 shows schematic views of the three proteins, their relation to gizzard vinculin, and the proteolytic cleavage sites of the V8 protease. All three constructs were purified to homogeneity by affinity chromatography on amylose resin, as seen in Fig. 3 . Their identity was confirmed with antibodies against MBP and a vinculin tail peptide, respectively D (Fig. 3) .
Binding of these recombinant proteins to F-actin was aria- lyzed in sedimentation assays. Fig. 4 shows that the purified fusion protein MBPVinc8 and its cleavage product VineS, obtained from V8 digestion, both cosedimented with filamentous actin, while the NH:-terminal proteolytic fragment, MBPV, as well as MBP purified directly from isopropyl-thiogalactoside-induced bacteria, both remained in the supernatant. These results confirmed the location of an actin-binding domain within the COOH-terminal sequence, which was also active in the recombinant fusion protein and its isolated tail fragment (cf. Fig. 4 with Fig. 1 ). Furthermore, they showed that when mixed in equimolar ratios with actin, only part of MBPVinc8 sedimented, but all of it could be accounted for in the pelleted and soluble fractions. For Vinc8, the proteolytic fragment, the situation was different. As seen in Fig. 4 , it was only found in the pellet after cosedimentation with actin, but the recovery was not quantitative. Thus, part of it was apparently degraded during incubation and sedimentation in F-actin buffer. Therefore, for quantification studies, we preferred to use the intact fusion protein MBPVinc8. 
Binding of the Vinculin Tail Sequence to Actin Is Saturable and Specific
Quantification of the sedimentable material was used to determine the affinity of MBPVinc8 and of gizzard vinculin for F-actin. As seen in lanes 9/9' and 10/10' (Fig. 5 A) , actin sedimented quantitatively, while MBPVinc8, except for a trace, remained in the supernatant. Increasing the concentration of MBPVinc8 up to a molar ratio of 4:1 over actin yielded an increase in sedimentable MBPVinc8 ( Conditions, gel analysis and molecular weight markers were as described in Fig. 1 . The fusion protein MBPVInc8 (Fp) cosedimented partially with actin, as did the VS-generated Vine8 fragment. In contrast, the head fragment of MBPVinc8, MBPV, and the purified maltose-binding protein (MBP), both remained quantitatively in the supernatant. 
1/1'-5/5'), but further addition of the fusion protein did not further increase its sedimentable fraction (lanes 6/6'-8/8').
As the binding of Coomassie blue by the two proteins considered was comparable (cf. Fig. 5 A, lanes 9 and 10"), densitometry of the stained gel bands for supernatants and pellets was used to determine saturation levels, and affinity between the partners. Analogous experiments were performed with intact gizzard vinculin, to demonstrate the validity of these results for the genuine protein. Fig. 5 B reveals that indeed in both cases the binding is saturable and cooperative, as indicated by the sigmoidal shape, and both Kd values were in the micromolar range.
However, the final level of gizzard vinculin binding was below that observed for the fusion protein. To decide whether this was caused by the head portions that differ between these molecules, we repeated the sedimentation assays with the 29/27 kD and Vine8 fragments, as purified on cation exchange columns from V8 digests. Due to the already mentioned instability of these proteins, this was only performed with selected actln-protein ratios. Fig. 5 B demonstrates that the isolated Vine8 fragment bound to actin with an alfmity comparable to that of the intact fusion protein MBPVincS, while the isolated gizzard tail fragment showed a slightly higher value of F-actin binding as compared to the parental molecule. Thus, in case of the fusion protein, the MBP head did not influence the binding characteristics, while some negative effect was seen by the large NH~-tenninal head of the gizzard protein.
The Actin-binding Domain Involves the Sequence Carboxy-terminai of Amino Acid 893
Binding curves were also obtained for the deletion clones MBPVinc8 A1 and A2, using again cosedimentation with filamentous actin. Fig. 6 shows that A1 also binds to F-actin in a saturable manner, demonstrating that actin binding of the vinculin tail does not depend on the proline-rich sequence which had been deleted from A1. Interestingly, this binding curve is not sigmoidal, suggesting that the prolinerich region might confer cooperativity to the actin binding. In case of clone ~2, which contains only the fifty carboxyterminal residues, the individual measurements scattered substantially. Therefore, the specificity of this reaction was difficult to evaluate, but the overall binding was reduced as compared to A1. 
The Vinculin Tail Sequence Binds to the Actin Skeleton in Cell Models
The ability of the vinculin tail sequence to associate with the actin cytoskeleton in cells was tested on fixed and permeabilized cells (cell models). Fig. 7 shows that genuine vinculin preferentially binds to the ends of stress fibers in mouse fibroblasts, as detected with a monoclonal antibody specific for an epitope in the NH2-terminal region of chicken vincu- lin (a/a'-b/b') . Similar results had previously been obtained with rhodamine-labeled vinculin and L6 cells (1) . When cell models were incubated solely with the purified 90-kD head fragment, binding was again seen preferentially at the ends of stress fibers, as detected with the same antibody (Fig. 7,   c/c' and d/d') . In contrast, the isolated gizzard 29/27-kD tail fragment, directly labeled with TRITC, decorated the stress fibers homogeneously (Fig. 7 e/e'). Control cells that had been incubated with antibodies only, or with TRITC-labeled MBP, showed no labeling (not shown). In analogous experiments, the recombinant fusion protein MBPVinc8 and the deletion product A1 both bound also alongside stress fibers (Fig. 8, ala' and b/b', respectively). Thus, for gizzard vinculin and its proteolytic fragments, and for MBPVinc8 and A1, these results matched those obtained in the cosedimentation experiments with pure F-actin. In contrast, no specific stress fiber decoration could be seen with deletion clone A9 ( Fig.   8 c/d) . In this case, the results obtained in both assays were not identical, but the reduction in F-actin binding and the absence of specific stress fiber staining are at least not contradictory.
To probe whether stress fiber binding was due to a direct interaction with filamentous actin or mediated by other microfilament proteins, possibly ot-actinin, we incubated cell models obtained from the LLC-PK1 cell line with the various vinculin fragments and constructs. Decoration of stress fibers and peripheral belts, superimposable with actin staining, was again seen (not shown). In addition, the brush border type microvilli on the apical surface of these kidney epithelial ceils were brightly labeled, as seen in Fig. 8 d/a~ for the deletion clone A1. In contrast, binding of clone A2 to these cellular projections was very weak (Fig. 8 e/e'). As the microvilli of LLC-PK1 cells, like all brush border microviM, lack o~-actinin (Temm-Grove, C., and B. M. Jockusch, unpublished data), this result suggests that the vinculin tail segment binds also directly to actin filaments in cytoskeletal preparations.
The Recombinant Vinculin Tail Sequence Decorates the Actin Skeleton in Living Cells
The ability of the recombinant vinculin tail to interact with microfilaments was also tested in living cells. MBPVinc8 was microinjected into stationary rat fibroblasts and again localized by immunofluorescence with a monoclonal antibody specific for a chicken vinculin epitope (As2). The actin network in these cells was again revealed by double staining with phalloidin. At the needle concentration used (2 mg/ml), the injected recombinant protein did not perturb the prominent stress fiber system developed in these cells, nor did it interfere with cellular adhesion (not shown). However, it decorated the stress fibers in stationary cells along their entire length (Fig. 9, a/a' and c/c') , including their distal portions terminating in focal adhesion sites (Fig. 9, b/b' ). In spreading and locomoting cells, the injected protein colocalized with the cortical actin network of lamellipodia (Fig. 9  d/d') , and with the nascent short microfilament bundles and their characteristic splayed ends frequently found in the rear part of lamellipodia ( Fig. 9 e/e'). Control cells, which were injected with purified MBP showed no such decoration of their actin skeleton, when immunostained with the antibody against MBP, but demonstrated a weak labeling of ill defined structures, and a strong nuclear fluorescence (Fig. 9 flf') . Thus, the images seen after microinjecting MBPVinc8 confirmed the results obtained with cell models.
Discussion
In this study, we have probed the interaction of vinculin with actin filaments. Our results demonstrate that the vinculin tail associates with F-aetin in sedimentation assays and with cytoskeletal microfilaments in detergent-extracted and living ceils. We found good qualitative correspondence between the results obtained with these different approaches.
Binding of gizzard vinculin to skeletal muscle actin has been previously analyzed in sedimentation assays by Ruhnau and Wegner (29) . These authors concluded that no more than 1 mole vinculin binds per 100 mol of actin. The data reported in the present study exceed this value by a factor of 50 (0.5 tool of vinculin per mole of actin). These discrepancies may be explained by experimental differences and the fact that these authors did not extend their measurements to higher vinculin/actin ratios and thus may not have reached saturation (Wegner, A., personal communication).
A comparison of genuine and recombinant proteins showed no substantial difference in actin binding and the same was true for proteolytic fragments. Thus, the overall structure of the tail segments obtained by the various techniques was probably similar to that of the parental protein.
As there is no information on folding of the amino acid sequence within the rodlike tail, we cannot correlate the identification of an actin-binding domain delineated by amino acid residues 893 and 1063 with a physically defined region in the tail. Likewise, the nature of the interaction with actin remains unknown. Within the basic (pH 9.7; 7) tail sequence, the actin-binding domain is particularly rich in positively charged amino acids, and, therefore, one might have suspected charge interactions to play an important role in binding to the negatively charged actin molecule. However, the complex between MBPVinc8 and F-actin was stable up to 1 M KC1, which argues against a sole ionic interaction.
The biological relevance of the actin binding by vinculin is suggested by the experiments with cell models and the microinjection analyses. We confirmed previous reports (5, 1) on the preferential targeting of the intact protein to the large focal adhesion sites developed in stationary fibroblasts, and found that the same was true for the isolated 90 kD head piece. As this fragment contains a well-defined binding site for talin, another component of focal adhesions (21) , these data suggest that vinculin is directed towards this region by the affinity of its head piece for talin.
On the other hand, paxillin, a minor component of focal adhesion sites, has been shown to interact in vitro with a domain comprising residues 978-1000 in the vinculin tail piece, and COS cells and mouse fibroblasts, when transfected with cDNAs containing residues 1000-1028, collect the resulting polypeptides in focal adhesion areas (37) . These data support a previous notion on a second adhesion targeting site, located in the vinculin tail (3), in addition to the talin-binding domain in the head. As the experimental design and the constructs used differ from our approach, and no information on folding of the various constructs is available, a direct comparison with our results seems difficult. Competition between paxillin and actin binding, a regulation of the actin binding by paxillin, or additive effects at the focal adhesion sites may all be envisioned.
All data available until now are consistent with the view that cellular vinculin is concentrated in the focal adhesion site by its affinity for talin, and possibly paxillin. There, its high concentration should allow for cluster formation, due to self-aggregation of heads and tails. In such oligomeric clusters, the tails would point away from the plasma membrane. Our data provide evidence that these segments can then interact directly with the terminal portions of actin filaments, thus collecting them into the spear tip-shaped focal contact, and anchoring them in this specific structure at the cytoplasmic face of the plasma membrane. 
